Overexpression of a Slit Homologue Impairs Convergent Extension of the Mesoderm and Causes Cyclopia in Embryonic Zebrafish  by Yeo, Sang-Yeob et al.
TW
Developmental Biology 230, 1–17 (2001)
doi:10.1006/dbio.2000.0105, available online at http://www.idealibrary.com onOverexpression of a Slit Homologue Impairs
Convergent Extension of the Mesoderm and
Causes Cyclopia in Embryonic Zebrafish
Sang-Yeob Yeo,*,† Melissa H. Little,‡ Toshiya Yamada,‡
oshio Miyashita*,§ Mary C. Halloran,¶ John Y. Kuwada,|
Tae-Lin Huh,† and Hitoshi Okamoto*,1
*Laboratory for Development Gene Regulation, RIKEN Brain Science Institute, Wako, Saitama
351-0198, Japan; †Department of Genetic Engineering, Kyungpook National University, Taegu
702-701, Korea; ‡Centre for Molecular and Cellular Biology, Institute for Molecular Bioscience,
the University of Queensland, Queensland 4072, Australia; §Graduate School of Biological
Sciences, Nara Institute of Science and Technology, 8916-5, Takayama, Ikoma, Nara 630-0101
Japan; ¶Department of Zoology, University of Wisconsin, 1117 W. Johnson St., Madison,
isconsin 53706; and \Department of Biology, University of Michigan,
Ann Arbor, Michigan 48109-1048
Slit is expressed in the midline of the central nervous system both in vertebrates and invertebrates. In Drosophila, it is the
midline repellent acting as a ligand for the Roundabout (Robo) protein, the repulsive receptor which is expressed on the
growth cones of the commissural neurons. We have isolated cDNA fragments of the zebrafish slit2 and slit3 homologues and
found that both genes start to be expressed by the midgastrula stage well before the axonogenesis begins in the nervous
system, both in the axial mesoderm, and slit2 in the anterior margin of the neural plate and slit3 in the polster at the anterior
end of the prechordal mesoderm. Later, expression of slit2 mRNA is detected mainly in midline structures such as the floor
plate cells and the hypochord, and in the anterior margins of the neural plates in the zebrafish embryo, while slit3 expression
is observed in the anterior margin of the prechordal plate, the floorplate cells in the hindbrain, and the motor neurons both
in the hindbrain and the spinal cord. To study the role of Slit in early embryos, we overexpressed Slit2 in the whole embryos
either by injection of its mRNA into one-cell stage embryos or by heat-shock treatment of the transgenic embryos which
carries the slit2 gene under control of the heat-shock promoter. Overexpression of Slit2 in such ways impaired the
convergent extension movement of the mesoderm and the rostral migration of the cells in the dorsal diencephalon and
resulted in cyclopia. Our results shed light on a novel aspect of Slit function as a regulatory factor of mesodermal cell
movement during gastrulation. © 2001 Academic Press
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The midline of the embryonic Drosophila central ner-
vous system (CNS) comprises a small number of neuronal
and glial cells with unique morphological properties. The
midline glial cells express several molecules which play
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All rights of reproduction in any form reserved.rucial roles for axonal pathfinding by the commissural
eurons (see review, Nambu et al., 1993). For the commis-
ural axons to successfully cross the midline, their growth
ones must first grow toward the midline and then leave it
o extend into the contralateral side. Such complex behav-
or is accomplished by the precise temporal regulation of
ttractive and repulsive activities exerted by the midline
lial cells. Netrin protein, secreted by the midline glial
ells, plays an attractive role (Kennedy et al., 1994; Serafini
t al., 1996; Mitchell et al., 1996). Commissureless (Comm)
rotein is a transmembrane protein expressed on the sur-
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2 Yeo et al.face of the midline glial cells and prevents the growth cones
of the commissural neurons from being repulsed before
they reach the midline (Tear et al., 1996). Comm does so by
ounteracting the activity of Roundabout (Robo) protein,
he repulsive receptor which is expressed on the growth
ones of the commissural neurons (Kidd et al., 1998).
Slit is another protein expressed by the midline glial cells.
The slit gene was originally identified as a gene whose
mutation affects the external midline structure in the
Drosophila embryo. Mutations in the slit locus cause the
collapse of the ladderlike scaffold of the commissural and
FIG. 1. Structural motifs within zebrafish Slit2 and Slit3 in comp
human Slit proteins. Amino acid identities within the amino-term
Slit sequence contains a putative signal peptide, four regions (LRR
leucine-rich-repeats (blue boxes), each of which is flanked by am
LRR-CR1–4). The following 9 units of EGF-like motifs (green boxes
box). Carboxyl-terminal to this repeat is a cysteine-rich (Cys-rich
between Drosophila, zebrafish, rat, mouse, and human Slit protein
calculated using the UPGMA algorithm. The length of the lines ar
each line) from branch points.longitudinal axon bundles in the CNS to a single longitu- 1
Copyright © 2001 by Academic Press. All rightdinal tract at the midline (Rothberg et al., 1988). Recent
genetic and biochemical evidence has shown that Slit is the
midline repellent acting as a ligand for the Robo receptor
(Kidd et al., 1999; Brose et al., 1999; Li et al., 1999). Slit
guides the growth cones of the commissural axons so that
they are repulsed away from the midline after they cross it,
thereby preventing them from recrossing the midline. The
CNS axonal scaffold collapses in the slit mutant embryo
ecause the commissural axons are unable to leave the
idline. Slit also functions as a chemorepellent controlling
esoderm migration away from the midline (Kidd et al.,
n to Slit proteins of other species. (A) Comparison of zebrafish and
or carboxyl-terminal halves are indicated by the percentage. Each
) containing four to six tandem arrays of a typical 24-amino-acid
and carboxy-terminal conserved flanking regions (LRR-NR1–4,
interrupted by an Agrin-Laminin-Perlecan-Slit (ALPS) domain (red
oxyl-terminal domain (yellow box). (B) Evolutionary relationship
comparison of amino acid sequences, evolutionary distances were
portional to the evolutionary distances (numbers indicated aboveariso
inal
s1–4
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) are
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s. By
e pro999). The predicted protein encoded by slit contains four
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3Overexpression of Zebrafish Slitleucine-rich repeats (flank-LRR-flank), seven EGF-like re-
peats (Rothberg et al., 1990), and an Agrin-Laminin-
Perlecan-Slit (ALPS) motif (Rothberg and Artavanis-
Tsakonas, 1992).
FIG. 2. Expression patterns of zebrafish slit2 mRNA. (A) Expressi
mRNA at 70% epiboly. Lateral view. (C, D) Expression of slit2 mRN
is indicated. C, lateral view; D, dorsal view. (E, F) Expression of sli
is expressed in the anterior margin of the neural plate (arrowheads
in 16-h embryos. G, lateral view; H, a close-up view of the somites i
of the forebrain (arrowhead), floor plate cells (fp and thin arrow)
Expression of slit2 mRNA in 18-h embryo. (J–M) Expression of slit
dorsal view; L, a sagittal section. In K, the axons in the initial scaf
for acetylated a-tubulin (brown signals). slit2 mRNA is expressed i
entral forebrain (thick arrows), and in a small number of cells (as
indbrain; hy, hypothalamus; n, notochord; AC, anterior commissu
ars, 200 mm (A–D, E and F, G and I, J–M), 50 mm (H).The mammalian homologues of Slit and Robo have been s
Copyright © 2001 by Academic Press. All rightdentified (Holmes et al., 1998; Itoh et al., 1998). They are
coordinately expressed in the developing CNS of vertebrate
(Yuan et al., 1999). Slit proteins (Slit1, Slit2, and Slit3) share
common domain structure and show a high degree of
f slit2 mRNA at the midblastula stage (4 h). (B) Expression of slit2
80% epiboly. Expression in the axial mesoderm (am, white arrows)
RNA in 10-h embryos. E, dorsal view; F, lateral view. slit2 mRNA
axial mesoderm (white arrow). (G, H) Expression of slit2 mRNA
arasagittal section. slit2 mRNA is expressed in the anterior margin
hypochord (hc), and the anterior margin of the somites (as). (I)
NA in the head region of 48-h embryos. J and K, lateral views; M,
f the brain are immunohistochemically stained with an antibody
floor plate cells (thin arrows) and their anterior equivalents in the
ks) dorsally adjacent to the supraoptic tract (SOT). tc, tectum; hb,
VDT, dorsoventral diencephalic tract; POC, postoptic commissure.on o
A at
t2 m
), the
n a p
, the
2 mR
fold o
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re; Dequence homology with Drosophila Slit. As in Drosophila,
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4 Yeo et al.the vertebrate Slit proteins exert pleiotropic functions. Slit
acts as a repellent on the axons from the olfactory bulb, the
dentate gyrus in the hippocampus, and the spinal motor
neurons (Li et al., 1999; Brose et al., 1999; Nguyen Ba-
Charvet et al., 1999). Slit is proteolytically cleaved, and its
N-terminal cleavage product promotes branching of the
axons from the dorsal root ganglion (Wang et al., 1999).
Recently, Enabled (Ena), a factor regulating actin poly-
merization, has been shown to act downstream of the
Slit-Robo signaling cascade in the growth cone guidance of
Drosophila embryos (Bashaw et al., 2000). The fact that its
vertebrate homologues play major roles in the control of
cell migration (see review, Machesky, 2000) suggests that
the Slit-Robo signaling cascade may also be involved in the
control of cell migration. In fact, Slit repulses the migrating
neurons from the lateral ganglionic eminence, the olfactory
bulb, choroid plexus, and the septum (Wu et al., 1999; Zhu
et al., 1999; Hu, 1999).
In the present study, we identified two zebrafish homo-
logues, slit2 and slit3, of the slit gene family. We found that
oth genes start to be expressed by the midgastrula stage
ell before the axonogenesis begins in the nervous system,
oth in the axial mesoderm, and slit2 in the anterior margin
f the neural plate and slit3 in the polster at the anterior end
f the prechordal mesoderm. We showed that overexpres-
ion of zebrafish Slit2 either by injecting in vitro synthe-
ized RNA encoding Slit2 into the one-cell stage embryos or
y inducing ubiquitous overexpression of Slit2 in the em-
ryos transgenic for the slit2 gene under the control of the
eat-shock promoter (Halloran et al., 2000) brings the
onvergent extension movement of the mesoderm to a
omplete halt. Subsequently, the embryos suffer from cy-
lopia. Furthermore, the mesodermal cell migration is sig-
ificantly retarded in response to the local and ectopic
xpression of Slit2 in the mosaic embryos. These data
emonstrate that Slit2 acts negatively on the mesodermal
ovement. During gastrulation, the mesodermal cells
how drastic changes in behavior and morphology (see
eview, Keller et al., 1992). They become bipolar and are
ediolaterally oriented with protrusions actively extending
n both ends. By mediolaterally intercalating on each other,
hese cells achieve the convergent extension movement.
n contact with the notochord-somite boundary, however,
he side of the cells facing the boundary becomes inactive
nd flat. Our observation suggests that Slit may be involved
n control of this complex behavior by the mesodermal cells
uring convergent extension movement of the mesoderm.
MATERIALS AND METHODS
Zebrafish Maintenance and Mutant Strains
Zebrafish were maintained as described in Westerfield (1995).
The embryos were staged according to Kimmel et al. (1995).
yclops (cyctf219) was obtained from Drs. M. Furutani-Seiki and H.Takeda. fi
Copyright © 2001 by Academic Press. All rightIsolation of Zebrafish slit2 and slit3 cDNA and
Sequencing
By using approximately 0.7 kilo base-pair (kb) Apa I-Sac I
fragment which contains the region encoding the ALPS motif of
human SLIT2 (Holmes et al., 1998; Genebank Accession No.
AF055585), we screened lgt10 cDNA library derived from 18–24 h
embryos (Inoue et al., 1994). Hybridization was performed at low
stringency (Sambrook et al., 1989). Screening of the 106 pfu
(plaque-forming units) of phages gave 29 hybridization-positive
clones. Restriction mapping showed that these clones were classi-
fied into five groups. Sequence analysis revealed that 25 clones
putatively encoded zebrafish homologue of human SLIT2 and the
remainders were false-positive clones. The longest cDNA clone,
designated clone15, was approximately 4.5 kb and was subcloned
into BamH I site of pBluescript II SK (Stratagene). We screened
lgt11 cDNA library derived from 22–24 h embryos at high strin-
gency by using the Bgl II fragment (about 1.5 kb) of the clone 15
ncoding the regions from LRRs2 to the middle of LRRs3 as a
robe. From the latter library, 62 positive clones were identified,
urified, and analyzed by restriction fragment mapping and partial
NA sequencing. Restriction fragment mapping showed that there
ere two independent groups of clones. One group of these clones,
epresented by clone 9, contained an approximately 5 kb cDNA
ragment with the entire coding region of zebrafish slit2, and the
thers contained an approximately 6 kb cDNA fragment with an
pen reading frame of zebrafish slit3. These cDNA clones were
equenced on both strands using Thermo Sequenase cycle sequenc-
ng kit (Amersham Pharmacia Biotech). Sequence assembly, iden-
ification of the signal peptide, and prediction of the cleavage site
ere carried out by GENETYX-MAC 9.01 program (Software
evelopment Ltd.). Homology searches were performed using
LAST algorithm at the NCBI (Altschul et al., 1990). The evolu-
ionary tree was constructed using UPGMA method (Nei et al.,
985). Drosophila (Rothberg et al., 1998), mouse (Holmes et al.,
998; Yuan et al., 1999), rat (Nakayama et al., 1998), and human
Holmes et al., 1998; Itoh et al., 1998) slit gene sequences were used
or comparison. The accession numbers for the zebrafish slit2 and
lit3 sequences are AF210321 and AF210320, respectively.
Whole-mount in Situ Hybridization, Tissue
Sections, and Immunohistochemistry
Whole-mount in situ hybridization was performed according to
the standard method (Westfield, 1995). The 2.2-kb fragment of slit2
DNA and the 2.7-kb fragment of slit3 cDNA were used as
emplates for synthesizing antisense probes. Antisense RNA
robes were synthesized using the digoxygenin-RNA labeling kit
Roche Diagnostics). Antisense probes for markers were synthe-
ized from cDNAs of Islet-1 (Inoue et al., 1994), shh (Krauss et al.,
993), dlx3 (Akimenko et al., 1994), zfz8b (Kim et al., 1998), hlx1
(Fjose et al., 1994), pax2 (Krauss et al., 1991), ntl (Schulte-Merker et
al., 1992), fkh5, and opl (Grinblat et al., 1998). The ntl cDNA probe
was synthesized by RT-PCR. Sections of in situ hybridized em-
bryos were made by refixing the hybridized embryos, embedding
them in JB-4 (Polysciences), and sectioning at 5–10 mm intervals
with a microtome (MICROM HM330, Mcbain Instruments). For
the double staining, immunohistochemistry using the monoclonal
antibody for acetylated a-tubulin (Sigma) was first performed,
ollowed by in situ hybridization for slit2 mRNA. Embryos were
xed in 4% paraformaldehyde in phosphate buffered saline (PBS)
s of reproduction in any form reserved.
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5Overexpression of Zebrafish Slitovernight at 4°C and washed in PBS containing 0.4% Triton.
Embryos were blocked for 1 h in PBS containing 0.4% Triton, 50
mg/ml heparin, 250 mg/ml tRNA (Sigma), and 20 U/ml RNase
inhibitor (Amersham Pharmacia Biotech), and incubated overnight
at 4oC in 1/2000 diluted primary antibody, washed, preincubated
again, and incubated overnight at 4oC in 1/100 diluted biotin-
onjugated anti-mouse IgG antibody (Vectastain). Chromogenic
eaction was performed in PBS containing 300 mg/ml diaminoben-
idine (Sigma) and 0.0003% hydrogen peroxide. The double stain-
ng using rabbit antiserum for Green Fluorescent Protein (Santa
ruz Biotechnology) was performed in a similar manner except
hat biotin-conjugated anti-rabbit IgG antibody was used as the
econdary antibody. After immunostaining, embryos were further
rocessed for the whole-mount in situ hybridization reaction as
escribed above. Digital images of all embryos were captured using
differential interference contrast microscope (Axioplan2, Zeiss)
nd a CCD camera (DKC 5000, Sony).
Plasmid Construction for RNA Injection
The Slit expression vector was generated in the following man-
ner. The backbone plasmid was pBluescript II SK. The Sal I-EcoR I
ragment of clone 9 and EcoR I-Xba I fragment of clone 15 were
isolated and inserted between the Sal I and Xba I sites of the
pBluescript II SK to create pSK-zfSlit2. A SnaB I-Not I fragment
ontaining an SV 40 poly(A) signal was isolated from the pCS21
lasmid (Turner and Weintraub, 1994; Rupp et al., 1994) and was
urther inserted between the blunted Xba I site and the Not I site of
he pSK-zfSlit2 to create pSK-zfSlit2-pA. This plasmid contained
he full-length zebrafish slit2 cDNA and SV 40 poly(A) signal under
he control of the promoter for T7 RNA polymerase. To create
SK-zfSlit3-pA containing the full-length of zebrafish slit3 cDNA,
pSK-zfSlit2-pA was cut with Xho I and Spe I to remove the
zebrafish slit2 cDNA and to replace it with the corresponding Xho
I-Spe I fragment of zebrafish slit3 cDNA. In vitro synthesis of
capped mRNA from the linearized pSK-zfSlit2-pA and pSK-
zfSlit3-pA was carried out using the mMessage mMachine T7 kit
(Ambion), according to the manufacture’s instruction. The RNA
concentration was determined spectrophotometrically. The
mRNA solution at concentrations of 0.5, 0.8, 1, and 2 mg/ml was
injected into the one-cell stage embryos using an air-pressure
microinjector (Eppendorf, Transinjector 5246) as described previ-
ously (Kikuchi et al., 1997). For the experiments presented in Figs.
4 and 5, 0.8 mg/ml of slit2 mRNA was injected. For mosaic
analysis, slit2 mRNA (0.8 mg/ml) was coinjected with GFP mRNA
(2 mg/ml).
Generation of the Transgenic Zebrafish for
Overexpression of slit2
The plasmid for the transgenic overexpression of slit2 was
constructed in the following manner. pCS2-zfSlit2 plasmid was
made by inserting zfSlit2 cDNA between the Cla I and Xba I sites
of pCS21. The Sal I-Cla fragment of the zebrafish heat-shock 70
promoter (Halloran et al., 2000), the BstX I-BamH I fragment
ncoding C-terminal region of zebrafish Slit2, and the BamH I-Xba
fragment encoding GFP were performed using pHSP70/4-EGFP
Halloran et al., 2000), slit2 cDNA, and pEGFP-C1 (Clontech) as
emplates, respectively, with the following sets of oligonucleotide
rimers to introduce appropriate restriction enzyme sites into the
Copyright © 2001 by Academic Press. All right9- and 39-ends of each DNA fragment; hspSal, 59-GTC GAC CAG
GG TGT CGC TTG GTT-39 and hspCla, 59-ATC GAT AAA AAA
AA CAA TTA GAA TTA-39; slit2BstX, 59-CTC ACC CAG TTT
TG CTG-39 and slit2BamH, 59-GGA TCC GGA TGG ACA TTT
GT GCA-39; gfpBamH, 59-GGA TCC ATG GTG AGC AAG
GC-39 and gfpXba, 59-GAT ATC TAG ATT ACT TGT ACA GCT
-39. The amplified DNA fragments were subcloned into pCR2.1
ector (Novagen) to generate pCR-hsp, pCR-zfSlit2c, and pCR-gfp,
espectively. The BstX I-BamH I fragment of pCR-zfSlit2c and
BamH I-Xba I fragment of pCR-gfp were isolated and inserted
between the BstX I and Xba I sites of the pCS2-zfSlit2 to create
CS-zfSlit2:GFP. To create phsp-zfSlit2:GFP containing the ze-
rafish heat-shock promoter, the Sal I-Cla I fragment of pCS-
fSlit2:GFP containing the sCMV IE94 promoter of pCS21 was
eplaced with the corresponding Sal I-Cla I fragment of the ze-
brafish heat-shock promoter of pCR-hsp. In addition, BamH I-Xba
I fragment of pCR-gfp was introduced into the BamH I-Xba I site of
the pCS2 to create pCS2-gfp.
phsp-zfSlit2:GFP was purified using QIAprep Spin Miniprep kit
(Qiagen). Then, linearized DNA was extracted using the Gene-
Clean II kit (Bio 101). A DNA solution of 25 mg/ml in distilled
water was injected into the cytoplasm of one-cell stage zebrafish
embryos with its chorion intact under the dissecting microscope as
described in Higashijima et al. (2000). The injected embryos were
raised to sexual maturity and crossed with each other to identify
the founder fish pairs which bear the progeny transgenic for
hsp-zfSlit2:GFP. Transgenic embryos were identified by their ex-
pression of GFP fluorescence in the whole body following heat-
shock treatment at 39oC. for 1 h. Four out of 56 pairs turned out to
bear positive progeny. Other clutches of embryos were collected
from each positive founder pairs and raised to adulthood without
heat-shock treatment. Transgenic individuals were identified by
incrossing the siblings and examining whether their progeny are
transgenic or not in the manner described above and used for
establishing the transgenic lines. Two lines, termed HS2E-1S and
HS2E-4S, in which Slit2/GFP fusion protein was induced to a
similar level, were used for further analysis. Since we always
obtained the same results with these lines, we do not indicate
which line we used for obtaining the individual pictures shown in
the text. Photos of GFP fluorescence of the transgenic embryos
were taken using a confocal laser scanning microscope (LSM510,
Carl Zeiss) and were superimposed with a differential interference
contrast image.
RESULTS
Molecular Cloning of the Zebrafish slit2 and slit3
Genes and Domain Analysis of Their Gene
Products
To identify zebrafish slit homologues, we used a cDNA
fragment of the human Slit2 (Holmes et al., 1998) as a probe
to screen a zebrafish cDNA library under low-stringency
hybridization conditions. We obtained a cDNA clone con-
taining an open reading frame (ORF) of 4539 base pairs (bp)
which putatively encoded 1513 amino acid polypeptides.
Sequence analysis indicated that the putative protein in-
cluded four units (LRRs1–4) containing four to six tandem
arrays of a typical 24-amino-acid leucine-rich-repeat (LRR)
motifs, each of which is flanked by amino- and carboxy-
s of reproduction in any form reserved.
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6 Yeo et al.terminal conserved flanking regions (LRR-NR1–4, LRR-
CR1–4), and nine units of epidermal-growth-factor (EGF)
FIG. 3. Expression patterns of zebrafish slit3 mRNA. (A) Expression
Dorsal view. (B, C) Expression of slit3 mRNA in 10-h embryos. Dors
s expressed in the polster (p) as well as in axial mesoderm cells (wh
xpressed in the motor neurons in the ventral spinal cord (arrows).
xpression of slit3 mRNA in the head region of 48-h embryos. E, late
he cranial motor neurons (arrowheads) and the floor plate cells (fp) in
mbryos. Islet-1 mRNA is also expressed in the cranial motor neuron
rigeminal, posterior trigeminal, facial/octavolateralis, and vagus moto
8-h embryo. slit3 mRNA is expressed in the pectoral fin bud (I), the
arrows and white arrowhead in K, respectively) and the lens (l in L). I, l
ord; L, a frontal section of the head. m, h, and b, the mandibular arch
ye; ov, otic vesicle; s, somites; n, notochord. Bars, 200 mm (A–D, E–-like motifs (EGF1–9), Agrin-Laminin-Perlecan-Slit (ALPS) c
Copyright © 2001 by Academic Press. All rightonserved domain, and a cysteine-rich (Cys-rich) carboxy-
erminal domain. The deduced amino acid sequence of this
it3 mRNA at 70% epiboly in the axial mesoderm (am, white arrow).
ws of the rostral (B) and caudal (C) parts of the embryo. slit3 mRNA
row). (D) Expression of slit3 mRNA in 26-h embryo. slit3 mRNA is
lower inset shows the close-up view of the motor neurons. (E–G)
iew; F, a sagittal section; G, dorsal view. slit3 mRNA is expressed in
hindbrain. (H) Expression of Islet-1 mRNA in the head region of 48-h
rowheads). III, IV, Va, Vp, VII/VIII, X, oculomotor, trochlear, anterior
rons, respectively. (I–L) Expression of slit3 mRNA in various parts of
yngeal arches (m, h, b in J), spinal motor neurons, and the roof plate
l view; J, a parasagittal section; K, a cross section of the anterior spinal
hyoid arch, and the posterior set of branchial arches, respectively; e,
, 100 mm (I–K).of sl
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7Overexpression of Zebrafish SlitFIG. 4. Overexpression of slit2 mRNA impairs migration of the prechordal mesodermal cells and the ventral diencephalic cells in the
ebrafish embryo. (A–F) The retarded migration of the prechordal plate cells in the slit2-overexpressing embryos (D–F) in comparison to
ormal embryos (A–C) at 100% epiboly. The positions of the mesodermal cells were examined by comparing the expression patterns of the
rechordal plate mesoderm markers, zfz8b (A, D) and hlx1 (B, E), and the chordal mesoderm marker ntl (C, F) relative to the neural plate
arkers dlx3 (A, B, D, E), and pax2 (A, C, D, F), which are expressed in the anterior margin of the neural plate and in the midbrain/hindbrain
oundary (MHB), respectively. In the slit2-overexpressing embryos, the zfz8b- and hlx1-positive prechordal mesodermal cells are
rominently displaced caudally and are improperly located between the anterior margin of the neural plate and MHB. The chordal
esoderm is wider and flatter in the slit2-overexpressing embryo than in the normal embryo. (G–K) The retarded migration of the ventral
iencephalic cells both in the slit2-overexpressing and cyctz219 mutant embryos at 100% epiboly. The position of the fkh5-positive
iencephalic cells relative to the dlx3-positive anterior margin of the neural plate is displaced caudally in the slit2-overexpressing embryo
(K) in comparison to the normal embryo (H), as in the cyctz219 mutant (I). The opl-positive cells are normally distributed in the
lit2-overexpressing embryo (J) as in the normal embryo (G). (L) Schematic of the normal expression patterns of the marker genes used in
his figure. np, neural plate; ms, chordal and prechordal mesoderm. Bars, 200 mm.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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8 Yeo et al.64.8% similarity to Drosophila Slit (dSlit) (Rothberg et al.,
988) and human Slit1 (hSlit1), Slit2 (hSlit2), and Slit3
hSlit3) (Itoh et al., 1998), respectively. Therefore, we
ermed the gene zebrafish slit2.
During further screening, we also isolated a distinct
DNA clone putatively encoding a protein similar to Slit2
rotein. Sequence analysis indicated that this cDNA frag-
ent contained an ORF of 4548 bp which encoded a
516-amino-acid polypeptide. The amino acid sequence of
his cDNA fragment had about 39.5, 62.6, 62.4, and 68.7%
imilarity to dSlit, hSlit1, hSlit2, and hSlit3, respectively.
herefore, we termed the gene zebrafish slit3. Both of the
redicted amino acid sequences of zebrafish slit2 and slit3
gene products contained the same motif structures (Fig.
1A). These motifs are found in a number of intracellular and
extracellular proteins and function in such diverse biologi-
cal aspects as protein–protein interaction, signal transduc-
tion, ligand recognition, and cell adhesion in development
(Kobe and Deisenhofer, 1994; Rebay et al., 1991; Perez-Vilar
et al., 1996). The overall amino-acid sequences were well
conserved from zebrafish to human. In contrast to the high
degree of similarity in the region of LRRs motifs and
EGF-like motifs between zebrafish Slit2 and hSlit2, the
region which contains EGF-like motifs of zebrafish Slit3
was less similar to that of hSlit3 (Fig. 1A). A phylogenetic
tree shows sequence similarities among Drosophila, ze-
brafish, rat, mouse, and human Slit proteins (Fig. 1B).
Zebrafish slit2 and slit3 Start to Be Expressed in
the Axial Mesoderm Much Earlier Than Initiation
of Neurogenesis
A very low level of slit2 mRNA started to be detected
ubiquitously in the embryos at the midblastula stage (4 h
after fertilization) (Fig. 2A). In the midgastrula stage (70%
epiboly), the mRNA of slit2 was detected in the cells which
were randomly dispersed in the embryonic body (Fig. 2B).
By 80% epiboly, this salt and pepper-like expression of slit2
mRNA continued only on the ventral side of the embryo
(Fig. 2C). In contrast, it was downregulated on the dorsal
side, where slit2 expression was detected only in the axial
egion of the mesoderm (Fig. 2D). The mRNA of slit2 was
oncentrated in the anterior margin of the neural plate (Fig.
E) and in the axial mesodermal cells (Fig. 2F) by the late
astrula stage (10 h). The ventral midline cells in the
euroectoderm including the floor plate cells and their
nterior equivalents started to express slit2 mRNA at
round this stage (Fig. 2G). This expression in the midline
euroectodermal cells continued to be observed at 16 and
8 h (Figs. 2G and 2I). At 16 h, it was detected in the
ypocord (Fig. 2G) and in the anterior margins of the
omites (Fig. 2H). At 48 h, expression of the slit2 mRNA at
he ventral midline of the CNS extended anteriorly to the
evel of the hypothalamus in the forebrain (Figs. 2J, 2L, and
M). slit2 mRNA was also expressed by a small number of
ells located dorsally adjacent to the supraoptic tract (SOT)
Copyright © 2001 by Academic Press. All rightt the level between the anterior commissure and the
ostoptic commissure (POC) (Figs. 2J, 2K, and 2M) (Chitnis
nd Kuwada, 1990; Wilson et al., 1990).
By the midgastrula (70% epiboly), slit3 expression was
vident in the axial region of the mesoderm (Fig. 3A). At the
ate gastrula stage (10 h), mRNA of slit3 was detected in the
xial mesodermal cells, and in the anterior edge of the
rechordal plate, i.e., the polster which gives rise to the
atching gland cells later in development (Figs. 3B and 3C).
t 24 h, slit3 mRNA was expressed at low levels in the
otor neurons in the spinal cord (Fig. 3D) and the floor
late cells of hindbrain (data not shown). On the second day
f development (48 h), slit3 expression was specifically
etected in the cranial motor neurons of the hindbrain
oinciding with the cells expressing Islet-1 mRNA (Inoue et
l., 1994; Chandrasekhar et al., 1997; Higashijima et al.,
000) (Figs. 3E, 3G, and 3H) and the floor plate cells of the
indbrain (Fig. 3F). At this stage, slit3 mRNA was also
etected in the spinal motor neurons and in the roof plate
Fig. 3K), the margin of the fin mesoderm (Fig. 3I), the
haryngeal arches (Fig. 3J), and the lens (Fig. 3L).
Overexpression of slit2 mRNA Causes Defects in
Convergent Extension of the Mesoderm and in
Migration of the Diencephalic Cells
Our observation that expression of both slit2 and slit3
RNA starts well before initiation of neurogenesis sug-
ested that they may be involved in control of early em-
ryogenesis in an aspect distinct from control of axonal
athfinding in which they are involved later in develop-
ent. As a first step to analyze the role of Slit function in
arly embryogenesis, we overexpressed Slit2 by injecting its
RNA into the cytoplasm of the one-cell stage embryos.
he injected embryos were fixed at the late gastrula stage
nd analyzed by in situ hybridization with several markers
(Fig. 4L).
The expression pattern of dlx3 which highlights the
argin of the neural plate (Fig. 4A) (Akimenko et al., 1994)
revealed the broadening of the neural plate in the embryos
overexpressing slit2 mRNA (Fig. 4D).
During late gastrulation, zebrafish frizzled 8b (zfz8b)
mRNA is expressed in the anterior-most prechordal plate,
including the polster (Kim et al., 1998) (Fig. 4A), while
expression of the H2.0-like-homeobox 1 (hlx1) gene is
detected in the posterior prechordal region (Fjose et al.,
1994) (Fig. 4B). The prechordal plate is derived from the
hypoblast cells that migrate anteriorly in zebrafish embryos
(Stachel et al., 1993). Although prechordal plate mesoderm
existed in the embryos overexpressing slit2 mRNA, zfz8b-
and hlx1-positive cells were improperly located. The zfz8b-
positive cells were caudally shifted, distributing broadly
between the levels of the dlx3-positive anterior margin of
the neural plate and the pax2-positive stripe at the
midbrain/hindbrain boundary (Krauss et al., 1991) (Fig. 4D).
s of reproduction in any form reserved.
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was also severely retarded (Fig. 4E).
To assess whether slit2 overexpression also affects the
formation of the chordal mesoderm, embryos were double
labeled at the same stage for pax2 and no tail (ntl). ntl is
expressed in the notochord precursors at the bud stage
(Schulte-Merker et al., 1992) (Fig. 4C). The notochord was
significantly widened and flattened, although its anterior
end reached the same rostrocaudal level as the pax2-
positive cells in the neuroectoderm (Fig. 4F).
The defects observed in the embryos overexpressing slit2
mRNA, i.e., the broadening of the neural plate, the retarda-
tion of the anterior migration of the prechordal mesoderm,
and the widening and flattening of the notochord, re-
sembled precisely the morphological abnormalities of the
mutant embryos which have defects in the convergence and
extension of the mesoderm and ectoderm during gastrula-
tion (Marlow et al., 1998; Heisenberg et al., 2000). We have
previously overexpressed several extracellular matrix pro-
teins such as F-spondin1, F-spondin2, Mindin1, and
Mindin2 in zebrafish embryos by injecting their mRNA
into one-cell stage embryos (Higashijima et al., 1997).
However, none of them caused defects in convergent exten-
sion movement of the mesoderm (unpublished data).
To investigate whether the neuroectodermal cells are
also affected by overexpression of slit2 mRNA at the late
gastrula stage, we performed in situ hybridization analysis
for expression of odd-paired-like (opl) and fkh5, a forkhead
domain protein (Grinblat et al., 1998). Zebrafish opl is
expressed in the anterior neural plate which includes the
presumptive telencephalon (Fig. 4G). The opl-expressing
cells were not affected from 90% epiboly stage through
14-somite stage in the embryos overexpressing slit2 mRNA
(compare Figs. 4G and 4J, Figs. 5H and 5J). In contrast, the
cells expressing fkh5, a marker for the ventral diencephalon
and mesencephalon (Fig. 4H), were widely dispersed and did
not reach the anterior margin (Fig. 4K).
Varga et al. (1999) have recently shown that the dience-
phalic cells migrate anteriorly at 90% epiboly into the
ventral anterior diencephalon, separating the single eye
field into two. They also showed that such anterior migra-
tion by the diencephalic cells was impaired in the cyclops
(cyc) mutant, which shows severe defects in the develop-
ment of the prechordal plate mesoderm and the ventral
midline neruoectoderm including the floor plate (Hatta et
al., 1991). Consequently, fkh5 expression was missing in
the presumptive anterior forebrain region at 100% epiboly
in this mutant (Fig. 4I). The abnormalities observed in the
slit2 overexpressing embryos resembled those in the cyc
mutants.
Overexpression of slit2 mRNA Causes Cyclopia
As expected from the resemblance of the early defects in
the slit2-overexpressing embryos with those observed in
the cyc embryos, the slit2-overexpressing embryos fre- t
Copyright © 2001 by Academic Press. All rightquently became cyclopic with some variation in the degree
of abnormality (Table 1, Figs. 5B and 5C). The cyclopic
phenotype becomes more prominent when pigmentation of
the eyes starts on the second day of development (Figs. 5E
and 5F). Overexpression of slit3 mRNA had weaker effects
on induction of cyclopia than that of slit2 mRNA (Table 1).
To analyze possible neural defects underlying the cyclo-
pic phenotype in the embryos overexpressing slit2 mRNA,
we fixed the injected embryos at 16 h and processed them
for in situ hybridization using two markers. We analyzed
the expression of opl and sonic hedgehog (shh) to test for
defects in the anterior dorsal and ventral neuroectoderm in
the embryos overexpressing slit2. In normal embryos, shh
was expressed in the floor plate cells and their anterior
equivalents in the ventral forebrain (Krauss et al., 1993)
(Fig. 5G). In injected cyclopic embryos, expression of shh in
the ventral forebrain ended at the level of the diencephalon
(Fig. 5I), and the number of the cells expressing shh in the
diencephalon increased. This result was consistent with
our earlier observation of the absence of fkh5 expression in
the anterior most neural plate and further supported that
the anterior migration of the diencephalic cells had been
stalled in the slit2-overexpressing embryos. In contrast to
shh, opl, a marker for dorsal neural tissue, was normally
expressed in both wild-type and cyclopic embryos (Figs. 5H
and 5J).
The Convergent Extension Movement of the
Mesoderm is Suppressed by Transient Activation
of the Transgenically Integrated slit2 Gene
Throughout the Entire Period of Gastrulation
To exclude the possibility that the apparent defects in the
convergent extension movement during gastrulation in the
slit2-overexpressing embryos were caused by the earlier
defects, such as those in early pattern formations, we
generated transgenic zebrafish lines in which Slit2 protein
fused with Green Fluorescent Protein (GFP) can be tran-
siently induced in the whole body of embryos (Fig. 6A). The
zebrafish hsp70 promoter was used to activate the trans-
gene encoding this recombinant fusion protein so that it
can be induced throughout the entire embryo following an
increase in ambient temperature (Halloran et al., 2000).
The vertebrate Slit2 protein is proteolytically processed
into the amino- and carboxyl-terminal fragments (Slit2-N
and Slit2-C), of which Slit2-N is responsible for the biologi-
cal activities of Slit2 (Brose et al., 1999). By Western blot
analysis using slit2-overexpressing transgenic embryos, we
confirmed that zebrafish Slit2 was also proteolytically
cleaved between EGF5 motif and EGF6 motif in vivo as in
ther species (data not shown). Therefore, in the slit2-
verexpressing transgenic embryos, the biologically active
lit-N is cleaved off from inactive Slit2-C, which is fused
ith GFP.
Heat shock at 80% epiboly brought the convergent ex-ension movement of the mesoderm to a complete halt.
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the hlx1-positive cells of the prechordal mesoderm rarely
hanged their positions relative to the margin of the neural
FIG. 5. Overexpression of slit2 mRNA induces cyclopia in the ze
lit2-overexpressing embryos at 16 h (B, C) and 48 h (E, F). A and D, n
iews (D–F). (G–J) Defect in the ventral forebrain of 16-h zebrafish
pl (H) mRNA in normal embryos. (I, J) Expression of shh (I)
slit2-overexpressing embryo, the anterior edge of the shh-positive d
arrow in (I). In contrast, opl mRNA is expressed indistinguishab
overexpressing slit2 mRNA (J). e and arrows, eyes; pe and arrowhead
Bars, 200 mm (A–F, G–J).late which were demarcated by the dlx3 expression (com- p
Copyright © 2001 by Academic Press. All rightare Fig. 6G with 6J and 6K). The notochord was also
idened and flattened as observed by the ntl expression
Fig. 6H). Subsequently, the anterior extension of the fkh5-
sh embryo. (A–F) Various degrees of cyclopia were observed in the
al embryos. Embryos are shown in dorsal views (A–C) and in frontal
ryo overexpressing slit2 mRNA. (G, H) Expression of shh (G) and
opl (J) mRNA in embryos overexpressing slit2 mRNA. In the
n in the ventral forebrain (vf) is caudally shifted as indicated by the
the dorsal forebrain of the normal embryo (H) and the embryo
e retinal pigment epithelium; t, telencephalon; fp, floor plate cells.brafi
orm
emb
and
omai
ly in
s, thositive cells of the diencephalon was impaired (Fig. 6I), and
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11Overexpression of Zebrafish SlitFIG. 6. Overexpression of slit2 at the late gastrula stage suppressed the convergent extension of the mesoderm. (A) The transgenic
embryos (green) overexpressing the Slit2/GFP fusion protein and a wild-type sibling (dark) at 12 h which had been heat-shocked at 100%
epiboly (10 h). (B, C) The slit2-overexpressing transgenic embryo which had been heat shocked at 80% epiboly suffered from severe cyclopia
at 28 h. Frontal views of the wild-type sibling (B) and the slit2-overexpressing transgenic embryo (C). (D–I) Heat-shock induction of Slit2
t 80% epiboly impaired the convergent extension movement of the mesoderm and the anterior migration of the diencephalic cells. dorsal
iews, anterior to the top. The positions of the axial cells were examined by comparing the expression of axial mesoderm markers, hlx1 (D,
) and ntl (E, H), and the ventral forebrain marker, fkh5 (F, I), relative to the marker for anterior neural plate margin, dlx3 (D–I). Compared
to the wild-type siblings (D–F), the transgenic embryos (G–I) overexpressing Slit2 by heat shock at 80% epiboly showed impaired convergent
extension of the mesoderm and defect in the anterior migration of the diencephalic cells. (J, K) Normal embryos at 80% epiboly for
comparisons. (L, M) Close-up views of the notochord of the normal embryo shown in E and the heat-shocked transgenic embryo shown in
H, respectively. Bars, 250 mm (A, B–K), 50 mm (L and M).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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cyclopia (Fig. 6C). Similar defects were induced by heat
shock at 90% epiboly, and heat shock near the completion
of gastrulation (95% epiboly) caused only mild cyclopia
(data not shown). However, subsequent heat shock caused
no abnormality in eye morphology.
These results indicate that the convergent extension
movement is susceptible to transient overexpression of
Slit2 until near the end of gastrulation. The impairment of
the convergent extension movement in the heat-shocked
transgenic embryos was further supported by the observa-
tion that the notochord of normal embryos appeared like a
column of compactly piled square bricks, while the noto-
chord of the heat-shocked transgenic embryos appeared like
a pavement covered with randomly distributed round
cobblestones (Figs. 6L and 6M).
Localized Ectopic Expression of Slit2 Impairs the
Mesodermal Movement
To identify the types of cells whose migratory behaviors
are affected by Slit2 expression during gastrulation, we
misexpressed Slit2 in restricted subpopulations of embry-
onic cells by injecting a mixture of gfp and slit2 mRNA into
n arbitrarily chosen single cell within 16- to 64-cell stage
mbryos. The embryos were fixed at 10 h and stained by
mmunohistochemistry for GFP and in situ hybridization
or hlx1 and dlx3.
When the GFP-positive cells were broadly distributed
in the anterior region of the neural plate, the hlx1-posi-
tive cells of the prechordal mesoderm failed to reach
the anterior margin of neural plate which was demar-
cated by dlx3 expression (Fig. 7B; n 5 3). When the GFP-
positive cells were incorporated on one side of the neural
plate and the adjacent ectoderm, the hlx1-positive cells
were bent toward the same side (Fig. 7C; n 5 17), indicat-
ing unilateral retardation in the convergent extension
movement of the nonaxial mesoderm on the side overex-
TABLE 1
Frequency of Cyclopia and Flattened Notochord by Overexpressio
Type of injected
mRNA
(concentration)
Total number
of injected
embryos Normal
slit2 (0.5 mg/ml) 69 26 (37.7%)
slit2 (0.8 mg/ml) 119 6 (5%)
slit3 (1.0 mg/ml) 96 87 (90.6%)
slit3 (2.0 mg/ml) 124 91 (73.4%)pressing Slit2.
Copyright © 2001 by Academic Press. All rightThese results revealed that the migratory movement of
both the prechordal mesoderm and the nonaxial mesoderm
are impaired by ectopic expression of Slit2.
DISCUSSION
We cloned two cDNAs encoding zebrafish Slit2 and Slit3
which have the closest similarity to human Slit2 and Slit3,
respectively. Structural comparison has shown that the Slit
gene family is highly conserved between Drosophila and
vertebrates. Like Drosophila slit, which is expressed in the
midline glial cells, zebrafish slit2 and slit3 mRNA are
expressed in the floor plate cells of the ventral midline of
the neuroectoderm. In mouse and rat, Slit2 was expressed
during CNS development in the floor plate, roof plate, and
developing motor neurons (Holmes et al., 1998; Brose et al.,
1999; Wang et al., 1999), while zebrafish slit2 is not
expressed in the developing motor neurons. During devel-
opment, the expression of mouse and rat Slit3 in the motor
column was present but reduced, with expression largely
restricted to the floor plate (Holmes et al., 1998; Brose et al.,
1999; Yuan et al., 1999), while zebrafish slit3 was consis-
tently expressed in the motor neurons during zebrafish
development. Although the structural conservation
strongly suggests the preserved functions of Slit homo-
logues during evolution, the roles and the spatio-temporal
expression patterns of the individual subtypes may have
shuffled among themselves.
Defective Convergent Extension of the Mesoderm,
a Possible Cause of Cyclopia
In the embryo overexpressing slit2, the anterior pre-
chordal mesoderm tissue expressing zfz8b mRNA was
significantly displaced posteriorly, compared to the dlx3-
positive neural plate margin. The anterior prechordal me-
soderm normally stretched beyond the margin of the neural
plate. The hlx1-positive posterior prechordal mesoderm
tissue was also shifted caudally.
ebrafish slit2 and slit3 mRNA in 48-h Embryos
Cyclopia with
flattened
notochord
Normal eyes
with flattened
notochord Dead
19 (27.5%) 12 (17.4%) 12 (17.4%)
66 (55.5%) 34 (28.6%) 13 (10.1%)
1 (1%) 3 (3.1%) 5 (5.2%)
14 (11.3%) 10 (8.1%) 9 (7.2%)n of ZIn the normal embryo, the single coherent eye field in the
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13Overexpression of Zebrafish Slitforebrain is split into two (Li et al., 1997). This process is
ccompanied by rostroventral migration of the diencephalic
ells near the end of epiboly as revealed by a fate mapping
tudy (Woo and Fraser, 1995) and by the anterior extension
long the midline of the fkh5-positive region (Fig. 4H). A
ecent study showed that the ventral diencephalon sepa-
ates the eye field into two regions, and that Cyclops
ignaling is responsible for this process (Varga et al., 1999).
Such anterior extension was similarly impaired in the
slit2-overexpressing cyclopic embryo. This is likely to be
the cause of the absence of shh-positive tissue at the rostral
end of the ventral midline of the forebrain and the abnormal
accumulation of shh-positive cells in the dorsal dience-
phalic region in the slit2-overexpressing embryo. Shh is
known to prevent the cells in the eye field from becoming
retinal cells and to induce them to become the optic stalk
cells (Ekker et al., 1995; Macdonald et al., 1995). Mice with
a disrupted shh gene show holoprocencephalic syndrome
including cyclopia (Chiang et al., 1996).
The ventral midline cells of the forebrain migrate anteri-
orly and ventrally following migration of the prechordal
plate mesoderm in chick embryos (Dale et al., 1999),
implicating the prechordal plate in the anterior migration of
the forebrain cells and the separation of the eye field.
Involvement of the anterior prechordal mesoderm in the
separation of the eye field has also been confirmed by the
observations that physical or genetic removal of the pre-
chordal mesoderm induces cyclopia (Li et al., 1997; Schier
et al., 1997; Feldman et al., 1998; Sampath et al., 1998;
Rebagliati et al., 1998). These data support the view that
displacement of the anterior prechordal mesoderm away
from the eye field and the accompanying defect in the
rostroventral migration of the diencephalic cells are the
primary causes of cyclopia in embryos overexpressing slit2.
A similar cyclopic phenotype is observed in the mutant
mbryos with defects in convergent extension, such as the
ouble mutant of the knypek (kny) and the trilobite (tri)
genes or the silberblick (slb) mutant (Marlow et al., 1998;
Heisenberg et al., 2000). In these embryos, the anterior
prechordal mesoderm is also severely shifted caudally.
Implication of Slit2 in Regulation of Convergent
Extension Movement of the Mesodermal Cells
We have shown that Slit2 and Slit3 start to be expressed
in the axial mesoderm around the midgastrula stage. Fur-
thermore, responses of the mesoderm to ubiquitously or
ectopically expressed Slit2 have demonstrated that Slit2
acts negatively on convergent extension movement of the
mesoderm. This observation is intriguing especially when
we consider the possible role of the axial mesoderm in
convergent extension and the recent data which links the
Slit-Robo signaling cascade with the regulatory machinery
of actin polymerization.
During gastrulation, the axial and paraxial mesoderm
undergoes convergent extension and differentiates into the
Copyright © 2001 by Academic Press. All rightotochord and the somites, respectively. Behaviors of the
esodermal cells in convergent extension movement have
een most thoroughly analyzed in Xenopus laevis embryos
see review, Keller et al., 1992). They take bipolar shapes,
xtending protrusions medially and laterally, and appear to
xert traction on one another, using these protrusions
Keller and Tibbetts, 1989; Shih and Keller, 1992a). As a
esult, the cells elongate, align parallel to one another and
arallel to the mediolateral axis, and intercalate along the
ediolateral axis, thus achieving convergent extension.
fter the notochord-somite boundary is formed, the bound-
ry has been shown to exert a distinctive effect on the
ediolateral intercalation behavior of the mesodermal cells
Keller et al., 1989; Shih and Keller, 1992b). Upon contact
ith the boundary, the bipolar cells change to monopolar
ctivity. The surfaces of the cells impinging on the bound-
ry region become flat and quiescent and make stable
liform protrusions overlapping other boundary cells.
eanwhile, protrusive activity continues at the opposite
urfaces of the boundary cells. These changes result in
ulling more cells into the boundary region.
Bashaw et al. (2000) have recently shown that Ena inter-
cts with Robo both physically and genetically and may at
east partly mediate the Slit-Robo signaling (also see review,
achesky, 2000). Mammals also contain a family of Ena-
elated proteins (the Ena/VASP family), including VASP
vasodilator-stimulated phosphoprotein), EVL (Ena-VASP
ike), and Mena (Mammalian Enabled). They are thought to
lay a universal role in the control of cell motility by
ynamic regulation of actin polymerization. Overexpres-
ion of Ena/VASP slowed cells down to less than half of
heir wild-type speed, while sequestration of all of the
na/VASP proteins from the leading edges of the cells
ccelerates the cells to move faster than the wild-type cells,
trongly suggesting that the Ena/VASP proteins regulate
ell migration negatively (Bear et al., 2000).
The repulsive role of Slit in cell migration has been
eported both in fly and vertebrates. Slit also functions as a
hemorepellent controlling mesoderm migration away
rom the midline in Drosophila melanogaster (Kidd et al.,
999). Slit also repulses the migrating neurons from the
ateral ganglionic eminence, the olfactory bulb, choroid
lexus, and the septum in mammals (Wu et al., 1999; Zhu
et al., 1999; Hu, 1999).
In zebrafish embryos, the mediolateral intercalation of
the mesodermal cells start by 7 h (60–70% epiboly) prior to
the morphological emergence of the notochord-somite
boundary approximately at 80% epiboly (Warga and Kim-
mel, 1990; Kimmel et al., 1995). Our results in ubiquitous
and ectopic overexpression of Slit2 suggest that Slit pro-
teins expressed in the axial mesoderm may be critically
involved in the change of the mediolateral intercalation
behavior of the mesodermal cells. Overexpression of Slit2
may impair the convergent extension movement of the
mesoderm by prematurely or ectopically inducing the be-
havioral change to the mediolaterally intercalating meso-
s of reproduction in any form reserved.
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their contact with the notochord-somite boundary.
Several zebrafish mutants of the convergent extension
movement of the mesoderm have been reported, such as the
double mutant of the knypek (kny) and the trilobite (tri)
genes or the silberblick (slb) mutant (Marlow et al., 1998;
Heisenberg et al., 2000). The identification of the silber-
blick locus as the wnt11 gene has elucidated the role of
Wnt11 in driving the convergent extension movement
during gastrulation by activating a similar signaling cascade
as the noncanonical wingless signaling cascade for the
control of the cellular polarity in Drosophila (Heisenberg et
al., 2000). Implication of small GTPase such as RhoA and
Rac1 in this signaling cascade, which are also involved in
the control of cell and growth cone motility, suggests that
the morphogenetic signaling cascade of Wnt and the Slit-
Robo signaling cascade may interact with each other
(Axelrod et al., 1998; also see reviews, Lin and Greenberg,
2000; McEwen and Peifer, 2000).
Although we have localized slit2 mRNA in the axial
mesoderm, we have not examined whether Slit2 protein is
concentrated at the boundary between the axial and
paraxial mesoderm. Further study on the localization of
Slit2 protein is hence essential to examine the validity of
our hypothesis. Recently, it has been suggested that pro-
teins in the Slit family interact with Glypican-1, a member
of a family of glycosylphosphatidylinositol-anchored hepa-
ran sulfate proteoglycans (Liang et al., 1999). Other heparan
sulfate proteoglycans secreted by the axial mesoderm into
the surrounding extracellular matrix may function to trap
Slit proteins at the notochord-somite boundary.
The homologues of Slit are also expressed in the axial
mesoderm in the late gastrula embryos of various other
species than zebrafish such as Xenopus laevis and chick
FIG. 7. Localized ectopic expression of Slit2 impairs the mesod
mosaic pattern were fixed at 10 h and stained for hlx1 and dlx3
hemistry. Dorsal views, anterior to the top. (A) Control embryo.
istributed in the anterior region of the neural plate. The hlx1-p
argin of neural plate. (C) The embryos (n 5 17) in which the G
nd the adjacent ectoderm. The hlx1-positive cells were bent tow(Chen et al., 2000; Li et al., 1999), where convergent
Copyright © 2001 by Academic Press. All rightextension of the mesoderm has been thoroughly studied.
Use of such animals may facilitate our understanding of the
role of Slit in regulation of convergent extension at the
cellular and molecular level.
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